Context: Lipodystrophy syndromes are rare disorders of deficient adipose tissue. Metreleptin, a human analog of leptin, improved metabolic abnormalities in mixed cohorts of children and adults with lipodystrophy and low leptin.
L ipodystrophy syndromes comprise a rare, heterogeneous group of disorders characterized by generalized or partial lack of adipose tissue and deficiency of leptin, an adipocyte-secreted hormone (1, 2) . Lipodystrophy syndromes are inherited or acquired, and are classified into 4 major subtypes: acquired or congenital generalized lipodystrophy, and acquired or familial partial lipodystrophy (3, 4) . An additional subtype is progeroid disorders, which are associated with either generalized or partial lipodystrophy. Most pediatric patients with congenital generalized lipodystrophy (CGL) present at birth or within the first year of life, whereas patients with acquired generalized and partial lipodystrophies may not present until early childhood or adolescence, or even in adulthood (3) .
Patients with lipodystrophy have metabolic disturbances, including severe insulin resistance, diabetes, hypertriglyceridemia, and nonalcoholic steatohepatitis (NASH) (1, (5) (6) (7) (8) . These often lead to morbidity and increased mortality risk, even with use of conventional lipidlowering or antihyperglycemic agents (9, 10) . Metreleptin, a recombinant analog of leptin, has been shown to improve metabolic abnormalities in patients with generalized lipodystrophy (11) (12) (13) and in selected patients with partial lipodystrophy (13) , leading to US Food and Drug Administration approval in 2014 of metreleptin for generalized lipodystrophy.
Previous analyses of metreleptin effects in patients with lipodystrophy have not distinguished between children and adults, although about half of patients in clinical trials were younger than 18 years (13). Because most patients with generalized lipodystrophy who will be considered for metreleptin treatment present in childhood, it is critical to understand effects of metreleptin specifically in pediatrics. In this study, we analyzed effects of 1 year and long-term metreleptin therapy on key metabolic comorbidities, including dysglycemia and dyslipidemia. Because metabolic complications of lipodystrophy often present or worsen during puberty, we compared metreleptin's efficacy in younger children (,12 years old) vs adolescents (12 to 18 years old). In addition, because NASH can lead to cirrhosis and liver failure at young ages in patients with lipodystrophy (14) , we sought to understand whether metreleptin can prevent advancement of liver disease, thus preventing late complications (e.g., portal hypertension, transplant, or death). We assessed this by studying effects of metreleptin on biomarkers of liver disease, including transaminases and pathologic markers of NASH. Finally, because leptin is permissive for puberty, we studied growth and pubertal development.
Methods

Study description
Patients enrolled in open-label studies of metreleptin at the National Institutes of Health, the design of which was described previously (11, 12) . Patients with lipodystrophy (excluding HIV-associated lipodystrophy) were enrolled on a rolling basis if they were $6 months old, had low serum leptin level (,8 ng/mL in boys, ,12 mg/mL in girls), and had $1 metabolic abnormality, including diabetes, insulin resistance (fasting insulin level $30 mIU/mL), or hypertriglyceridemia (fasting triglyceride levels .200 mg/dL). Studies were approved by the institutional review board of the National Institute of Diabetes and Digestive and Kidney Diseases (NCT00005905, NCT00025883, NCT01778556, NCT02262832, and NCT02262806). Consent was obtained from legal guardian(s) of pediatric patients, and assent from older children and adolescents.
During the first year of metreleptin use, doses of concomitant medications were not increased nor were new medications initiated, although doses could be reduced or medications discontinued. After 1 year, changes to concomitant medications were permitted at the treating physician's discretion. Metreleptin was administered at home by subcutaneous injection once or twice daily per a weight-based protocol, with variation by age and sex, as described previously (15, 16) ; doses were titrated based on patient response.
The current analysis included all metreleptin-treated patients as of 1 July 2015 who were ,18 years old at initiation of metreleptin treatment and had both baseline and 1-year data available. One year was defined as the visit closest to 12 months from metreleptin initiation (range, 6 to 18 months). Of 56 patients ,18 years old, 3 were excluded: one lacked baseline data, another died before follow-up data could be collected (death was due to pancreatitis associated with noncompliance with metreleptin), and the third did not yet have follow-up data. In addition, data were analyzed from the most recent visit at which the patient was receiving metreleptin.
Outcomes
Laboratory outcomes including glucose, alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol, triglycerides, high-density lipoprotein (HDL), lowdensity lipoprotein (LDL), insulin, C-peptide, and hemoglobin A1c (A1c) levels were collected after an 8-to 12-hour fast and analyzed by standard methods (17). The baseline fasting leptin level was determined by radioimmunoassay (EMD Millipore, St. Charles, MO). Because prior studies have shown that most metreleptin-treated patients develop nonneutralizing antibodies that interfere with leptin assays, leptin levels during metreleptin treatment are not presented (18) .
Z-scores for height based on age and sex were defined using 2000 Centers for Disease Control and Prevention data (19) . Stature was categorized as short (below the fifth percentile), normal (5th to 95th percentile), or tall (.95th percentile). Bone ages were independently interpreted by 2 pediatric endocrinologists (R.J.B., K.I.R.) using the Greulich-Pyle method (20) , and categorized as normal if within 2 standard deviations (SDs) of the mean for age and sex (20) .
Growth completion before metreleptin treatment was defined as achieving 98% of predicted growth based on bone age (girls, $14 years; boys, $15.75 years) obtained 24 months before to 3 months after metreleptin initiation. If a bone age was not available (n = 26), determination of growth completion was based on chronologic age (girls, $15.0 years old; boys, $17.0 years old).
Tanner stages of breast development and testicular volumes were extracted from medical records. All available determinations of Tanner staging obtained after metreleptin initiation were analyzed in patients who had not completed puberty at metreleptin initiation. Pubertal status in girls was defined as precocious if breast development was at least Tanner stage II before age 8 years or at least two stages advanced for age, as delayed if at Tanner stage I at age 12 years or at least two stages delayed for age, and otherwise as normal. Pubertal status in boys was categorized as precocious if testicular volume was $4 mL before age 9 years or at least two stages advanced for age, as delayed if testicular volume was ,4 mL at age 14 years or at least two stages delayed for age, and otherwise as normal.
Liver histology was assessed in 17 patients who underwent liver biopsy before and after at least 1 year of metreleptin treatment. If multiple biopsies were performed, the most recent biopsy specimen was used for analysis. Biopsy specimens were scored by a single pathologist (D.E.K.) using the NASH Clinical Research Network (CRN) scoring system (21) . Outcomes included presence or absence of NASH, steatosis, 2 measures of inflammation (portal and parenchymal), ballooning score, and fibrosis stage. Overall disease activity was measured as the nonalcoholic fatty liver disease (NAFLD) activity score (NAS).
Treatment emergent (as assessed by investigators) adverse events and all deaths are reported in Results. The presence of neutralizing antibodies to leptin was assessed as previously reported (18) .
Statistical analyses
The children subgroup was defined as ,12 years of age. The adolescent subgroup was defined as $12 to ,18 years of age.
Outcomes are reported as mean 6 SD or median (25th, 75th percentile) based on normality of the data. Paired t tests or Wilcoxon signed-rank test were used to compare outcomes before vs after 12 months of metreleptin treatment or after longterm metreleptin treatment. Unpaired t tests and x 2 tests were used to compare children vs adolescents, and patients who did vs did not undergo liver biopsies. Kruskal-Wallis tests or analysis of covariance with post hoc Dunn or Tukey multiple comparisons tests were used to compare baseline characteristics and response to metreleptin among lipodystrophy subtypes. Statistical significance was set at P , 0.05.
Results
Baseline characteristics
Baseline characteristics of participants are listed in Table 1 . There were 53 patients (41 girls; 12 boys). Mean age was 12.8 6 4.4 years (range, 1.7 to 18.0 years), including 19 children and 34 adolescents. The median endogenous leptin concentration was 1.1 ng/mL (0.8, 2.5). Thirty-two patients had CGL [16 had an AGPAT2 mutation (CGL1); 16 had a BSCL2 mutation (CGL2)], 8 had acquired generalized lipodystrophy (AGL), 8 had familial partial lipodystrophy (FPL; 3 with LMNA mutation, 2 with PPARg mutation, 1 with PCYT1a mutation, and 2 unknown), and 5 had generalized lipodystrophy due to atypical progeria (all with LMNA mutation). There were no differences in baseline metabolic parameters among lipodystrophy subtypes (Supplemental Table 1 ), except for endogenous leptin (higher in FPL than AGL, CGL1, and CGL2).
Most patients (72%; 32% of children, 94% of adolescents) had diabetes, based on fasting glucose or A1c levels, or medical history. Compared with children, adolescents had greater severity of metabolic disease, as evidenced by higher A1c, triglyceride, and LDL levels, and lower C-peptide level, with no difference in HDL (Table 1) . Table 2 ).
Changes with metreleptin
Glycemic outcomes are shown in Fig. 1 . In the entire cohort, the mean fasting glucose level decreased from 176 6 81 mg/dL to 121 6 61 mg/dL (P , 0.0001). In children, glucose level did not significantly decline (115 6 43 mg/dL at baseline; 94 6 26 mg/dL at 12 months; P = 0.14). In adolescents, glucose decreased from 210 6 78 mg/dL to 136 6 70 mg/dL (P , 0.0001). The mean A1c level decreased from 8.3% 6 2.4% to 6.5% 6 1.8% in the entire cohort (P , 0.0001), from 6.1% 6 1.5% to 5.3% 6 1.1% in children (P = 0.02), and from 9.6% 6 1.9% to 7.1% 6 1.8% in adolescents (P , 0.0001). The mean C-peptide level decreased from 5.9 6 4.0 ng/mL to 4.8 6 3.4 ng/mL in the entire cohort (P = 0.03), but changes were not statistically significant in the child or adolescent subgroups. The percentage of patients requiring insulin decreased from 45% before metreleptin treatment to 23% after 1 year of treatment (P = 0.023). Among those who used insulin at baseline, the mean insulin dose decreased from 385 6 789 U/d to 138 6 403 U/d (P = 0.008). The mean number of diabetes medications patients used (including insulin and oral hypoglycemic agents) decreased from 1.0 6 0.7 to 0.8 6 0.7 (P = 0.03).
Lipid outcomes are shown in Fig. 2 . The mean LDL concentration decreased from 96 6 51 mg/dL to 75 6 28 mg/dL in the entire cohort (P = 0.0005), from 115 6 56 mg/dL to 76 6 25 mg/dL in adolescents (P , 0.0001), and did not change in children (from 74 6 34 mg/dL to 72 6 32 mg/dL; P = 0.4). The mean HDL level remained low at baseline (29 6 9 mg/dL) and at 12 months (28 6 8 mg/dL; P = 0.9). Median triglyceride levels decreased from 374 There were no statistically significant differences in metabolic responses to metreleptin based on lipodystrophy subtype (Supplemental Table 2 ).
At long-term follow-up
Long-term follow-up data for metreleptin treatment was available for 47 patients [mean duration, 61 6 39 months (range, 14 to 170 months); mean age, 17.5 6 5.6 years (range, 5.8 to 31.4)]. The mean meter leptin dose was higher at long-term follow-up (0.11 6 0.04 mg/kg/d). Improvements in glucose, A1c, C-peptide, triglyceride, and total cholesterol levels were maintained over long-term treatment in the entire cohort (P , 0.05 for all; Fig. 1 ). ALT and AST reductions were maintained [39 U/L (22,72) and 27 U/L (21,43), respectively]. Only changes in LDL were no longer statistically significant.
In adolescents (mean age at follow-up, 20.4 6 4.0 years), statistically significant improvements were maintained in fasting glucose, A1c, total cholesterol, triglyceride, and ALT levels. In children (mean age at follow-up, 13.2 6 5.0 years), there were statistically significant reductions in C-peptide, ALT, and AST levels. At long-term follow-up, patients who started metreleptin therapy as children had lower A1c levels compared with individuals who start the treatment in adolescence (P = 0.006), whereas other metabolic parameters were indistinguishable (i.e., all lipid, glucose, C-peptide, ALT, and AST levels).
Evaluation of liver biopsy specimens
Seventeen patients underwent liver biopsies both before and after a mean of 3.3 6 3.2 years of metreleptin treatment (Supplemental Table 3 ). Compared with patients who did not undergo paired biopsies, the biopsy cohort was more likely to have acquired lipodystrophy (41% vs 6%; P = 0.003), had higher mean ALT (167 6 169 mg/dL vs 83 6 70 mg/dL; P = 0.007) and AST levels (98 6 88 mg/dL vs 58 6 60 mg/dL; P = 0.04), and lower A1c level (7.2% 6 2.3% vs 8.9% 6 2.3%; P = 0.02). There were no between-group differences for other baseline characteristics, including age, sex, endogenous leptin level, or triglyceride levels. Figure 3 shows liver histologic findings in a patient before and during metreleptin treatment. Fifteen of 17 patients met criteria for NASH before starting metreleptin treatment and 10 of 17 met criteria for NASH after metreleptin treatment (P = 0.1). The mean NAS decreased from 4.5 6 2.0 before to 3.4 6 2.0 after metreleptin treatment (P = 0.03). Figure 4 shows the NAS before and after metreleptin therapy for each patient. The NAS improved in 11 of 17, worsened in 4, and was unchanged in 2. Of the 4 patients with worsened NAS, 3 had concomitant factors that might have led to worsened liver disease: 2 had autoimmune hepatitis, and 1 was noncompliant with metreleptin treatment.
The NASH CRN ballooning score decreased from 1.1 6 2.4 to 0.5 6 1.2 (P = 0.01). The NASH CRN steatosis score was unchanged (1.9 6 2.0 to 1.4 6 1.9; P = 0.08). The NASH CRN lobular inflammation score was unchanged (1.5 6 2.3 to 1.5 6 1.1; P = 0.8), as were the NASH CRN portal inflammation score (1.2 6 0.6 to 0.9 6 0.6; P = 0.1) and fibrosis stage (from 2.5 6 1.1 to 2.7 6 1.2; P = 0.56).
Growth
At metreleptin initiation, 25 of 53 patients had completed growth; 28 were growing. Four patients had short stature, 34 had normal stature, and 15 had tall stature. After 1 year of metreleptin therapy in the 28 growing patients, height Z-scores significantly decreased from 0.9 6 1.9 to 0.6 6 1.7 (P = 0.0006).
Puberty
The pubertal status of each patient before and during metreleptin treatment is listed in Table 2 . Thirty-one patients had normal pubertal development for age and sex both before and during metreleptin treatment. Of 11 patients in whom pubertal staging was not available before initiating metreleptin therapy, 5 (3 girls, 2 boys) were in normally timed puberty during treatment, 3 (2 girls, 1 boy) completed puberty normally, and there were no data for 3 (1 girl, 2 boys) before or during treatment. One female patient who was appropriately at Tanner III at age 13.6 years at metreleptin initiation did not progress further during treatment (last follow-up age, 18.9 years). Another girl was appropriately prepubertal (age, 7.9 years) at metreleptin initiation and progressed rapidly through puberty during treatment (Tanner V at 10.9 years). Her bone age at metreleptin initiation was advanced (10.2 years).
Three patients (2 boys, 1 girl) had precocious puberty before metreleptin treatment. The female patient (age, 3.0 years) began receiving treatment with gonadotropin releasing hormone analog shortly after metreleptin initiation; she showed no further pubertal progression and maintained good metabolic control (observation period, 3 years). The 2 boys (ages, 8.2 and 9.1 years) progressed normally through puberty during metreleptin treatment (observation periods, 0.5 and 8.0 years, respectively).
Five patients (1 boy, 4 girls) had delayed puberty at metreleptin initiation. Four of these completed puberty subsequently while receiving metreleptin treatment. One https://academic.oup.com/jcemgirl was prepubertal at age 13.8 years when metreleptin was started and remained prepubertal during 1.3 years of treatment. She died of hepatorenal failure 7 months after metreleptin discontinuation.
Bone age Twenty-seven of 53 patients had bone ages obtained before or close to metreleptin initiation (24 months before to 3 months after metreleptin initiation). No patient had delayed bone age, 16 (59%) had normal bone age, and 11 (41%) had advanced bone age. Eighteen patients had not completed growth and, thus, a change in bone age was expected during follow-up. At metreleptin initiation, average bone age was 9.9 6 4.0 years at chronologic age 8.1 6 3.8 years; at follow-up, bone age was 11.1 6 3.5 years at chronologic age 9.6 6 3.9 years. As bone age advanced by 1.2 6 1.3 years during metreleptin treatment of 1.5 6 0.5 years' duration, metreleptin did not advance bone maturation.
Adverse events
Twenty-seven treatment emergent adverse events occurred in 22 patients, including decreased appetite and/or weight loss (n = 13); hypoglycemia (n = 4); fatigue (n = 3); in vitro neutralizing antibody activity to leptin (n = 2), as previously reported (18); hair loss (n = 2); nausea (n = 1); menorrhagia (n = 1); and anaplastic large cell lymphoma (n = 1), as previously reported (22) .
Two patients died years after metreleptin discontinuation for noncompliance, 1 of end-stage renal disease and the other of unknown cause. Three patients with cirrhosis prior to metreleptin treatment died of complications of cirrhosis after 4, 6, and 12 years of receiving metreleptin.
Discussion
This is, to our knowledge, the largest report of the efficacy of metreleptin in pediatric patients with lipodystrophy. Metreleptin treatment was effective at improving metabolic abnormalities associated with lipodystrophy and low baseline leptin levels, both in the short term (1 year) and long term (mean, 5 years). Many of these changes have the potential to substantially improve patients' quality of life: Mean A1c level at 1 year was ,7%, thus reducing risk of microvascular complications in patients facing a lifetime with diabetes. Moreover, half of patients who required insulin before metreleptin therapy discontinued insulin entirely at 1 year, thus dramatically reducing the burdens of diabetes management. These glycemic improvements with minimal changes in C-peptide level are consistent with prior studies demonstrating that metreleptin improves insulin sensitivity (23, 24) . More than one-quarter of patients had severe elevation of triglyceride levels (.1000 mg/dL) at baseline sufficient to place them at risk for pancreatitis, whereas only 4 patients (7.5%) had triglyceride levels .1000 mg/dL after 1 year.
Adolescents had greater severity of metabolic disease before metreleptin treatment, supporting the idea that, in the absence of leptin replacement, complications of lipodystrophy tend to worsen with age. Because of the milder metabolic derangements in children, and smaller sample size, most improvements with metreleptin observed in adolescents were not statistically significant in children. However, metreleptin may be protecting children from progression of metabolic disease, particularly as they enter puberty, when insulin resistance worsens (25) . Metabolic parameters were comparable in children and adolescents at long-term follow-up, suggesting that metreleptin therapy maintained a similar level of control in both groups, regardless of initial disease severity.
Patients with lipodystrophy typically have NAFLD before leptin replacement, and those with AGL may have concomitant autoimmune hepatitis (14, 26) . Particularly in patients with BSCL2 mutations, NAFLD can lead to cirrhosis, portal hypertension, and early death or need for transplantation (14, (27) (28) (29) . In the current study, ALT and AST levels decreased with metreleptin, suggesting decreased hepatocellular injury. The improvement in liver enzyme levels mirrors findings from a cohort of adult and pediatric patients from our group (11) . Interestingly, in the current study, children younger than 12 years of age had nonsignificantly higher ALT and AST levels at baseline compared with adolescents but did not significantly improve with metreleptin treatment. A few children (3 of 19) and adolescents (2 of 34) had autoimmune hepatitis, which is associated with greater elevation in transaminase levels than is NAFLD and is not expected to improve with metreleptin. In addition, a greater proportion of children (8 of 19) than adolescents (8 of 34) had BSCL2 mutations. These differences in underlying liver disease, as well as smaller patient numbers, may have contributed to the lack of effect of metreleptin on transaminases in children.
Metreleptin also improved biopsy-specimen measures of NAFLD, as shown by reductions in the NAS. Statistically significant reductions in ballooning injury were observed, with nonsignificant reductions in steatosis and portal inflammation. Similar to a prior analysis by our group (including adults and children) (14) , no change in fibrosis score was seen. Because pediatric patients who underwent liver biopsies did so for clinical reasons, it is not surprising that patients with paired biopsies differed from those who did not undergo biopsies. Patients who underwent biopsies were more likely to have acquired forms of lipodystrophy and to have higher transaminase and lower A1c levels. Although histologic improvements observed with metreleptin may have limited generalizability due to differences between the biopsy and nonbiopsy cohorts, our findings support a beneficial effect of metreleptin on NAFLD histology in pediatric patients with more severe baseline liver disease. Moreover, our study was biased against showing improvements in NAS, as we included patients with autoimmune hepatitis [who were excluded from prior analyses (14) ], a condition which should not be altered by metreleptin, and because follow-up biopsies during metreleptin treatment were more likely to be performed at times when other markers of liver disease (e.g., ALT, AST) were worsening. Further investigation is needed to determine if metreleptin treatment in pediatric patients with lipodystrophy will alter the natural history of NAFLD, reducing the incidence of cirrhosis and its complications.
Given the role of leptin in reproduction and puberty (30) , our data are reassuring in demonstrating that metreleptin treatment may help to normalize delayed pubertal progression but does not cause precocious puberty. Most patients had advanced bone age before initiating metreleptin treatment, but bone age progression was normal during treatment, further supporting the idea that metreleptin did not accelerate or trigger puberty. For the two patients who had delayed puberty during metreleptin treatment, poor pubertal progression appeared to be related to concurrent serious illness. We previously demonstrated that patients with CGL are tall, with advanced bone age (31) . The current study showed growth deceleration during metreleptin treatment. This likely represents partial normalization of rapid growth before initiating metreleptin therapy, because mean height remained within the upper part of the normal range. However, growth deceleration could occur for other reasons, including earlier than average puberty leading to earlier growth spurt and, hence, crossing of growth percentiles downward at the typical age of puberty; improvement in insulin resistance leading to less hyperinsulinemia driving excessive growth; or metreleptininduced weight loss causing growth failure, which did not appear to be the case for most patients.
This study was limited by the lack of a placebo control arm, etiologic heterogeneity of lipodystrophy, and selection bias for patients with hypoleptinemia with metabolic abnormalities. Moreover, the sample size of pediatric patients with this rare condition was small, limiting statistical power. A larger sample size may help provide better information on the efficacy of metreleptin in both age groups, though it should be pointed out that no worsening of glycemia, triglyceride, or liver enzyme levels were observed in children or adolescents, as would be expected in the natural history of lipodystrophy (32) . We found no differences in metreleptin response based on lipodystrophy subtype, but sample sizes were small.
In conclusion, metreleptin was effective in treating metabolic abnormalities in pediatric patients with lipodystrophy, including diabetes and hypertriglyceridemia, and improved biomarkers of NAFLD. The observed improvements are likely to lead to improved quality of life with reduced burden of disease. Longer follow-up is needed to determine the impact of metreleptin on life expectancy. Each patient's study number is listed in the appropriate category before and during metreleptin treatment. All available data during metreleptin treatment (duration, #15 years) were analyzed.
Abbreviation: M, male patient. a Accelerated progression of puberty while receiving metreleptin treatment: Tanner V at age 10.9 years.
b Started gonadotropin-releasing hormone agonist after initiating metreleptin treatment.
c Mammary aplasia before and after leptin but menstruating and otherwise pubertal.
d Tanner III at initiation of metreleptin (age, 13.6 years) and Tanner III at last follow-up (age, 18.9 years).
